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PIEZOELECTRIC ACTUATOR WITH
DOUBLE COMB ELECTRODES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a 35 USC 371 application of PCI/DE 00/00732
filed on Mar. &, 2000.

PRIOR ART

The mvention relates to a piezoelectric actuator, espe-
cially for actuating control valves or injection valves 1n
motor vehicles, having an actuator body 1n the form of a
multilayer laminate of layered plies of piezoelectric material
and i1ntervening metal or electrically conductive layers,
acting as electrodes, which are contacted 1n alternation by
metal outer electrodes, facing one another on the jacket side
in the longitudinal direction of the actuator body, that are at
least 1n the form of laminar electrode strips, and the outer
clectrodes are 1n contact with electric terminal leads for
connecting the piezoelectric actuator to an electrical voltage.

One such piezoelectric actuator 1s known for instance
from German Patent Disclosure DE 196 50 900 Al of Robert

Bosch GmbH.

Multi-ply piezoelectric actuators of this kind, when they
are subjected to a pulsating electrical voltage at their elec-
trode layers, execute analogously pulsating strokes, chang-
ing the spacing between their two face ends. In DE 196 50
900 A1l cited above, the metal outer electrodes that transmait
the electrical voltage to the electrode layers and are located
on both sides on the jacket side in the longitudinal direction
of the actuator body, cover the active region of the actuator
body.

During operation of the multi-ply piezoelectric actuators,
because of the low tensile strength between the thin, stacked
films of piezoceramic (such as lead zirconate titanate) and
the metal or electrically conductive electrode layers, delami-
nations can occur that can spread outward 1n the form of
cracks mto the outer electrodes and cause current 1nterrup-
tions.

OBJECTS AND ADVANTAGES OF THE
INVENTION

It 1s accordingly the object of the invention to make
possible a multi-ply piezoelectric actuator of this generic
type 1n such a way that current-interrupting cracks in the
outer electrodes can be spanned, thus improving the security
1s of the electrical contacting and lengthening the service life
of the piezoelectric actuator.

The nucleus of the invention resides 1n connecting the
laminar electrode strips resting directly on the actuator body
additionally with these spanning additional electrodes,
which are 1n contact at multiple points, via narrow elastic
feet, with the laminar electrode strips.

Preferably, these additional electrodes take the form of a
double comb, with a comb back parallel to the electrode
strips and two parallel rows of teeth laterally adjoining the
comb back, the teeth of which form the elastic feet and are
in contact with the laminar electrode strips.

One advantage of this kind of double comblike additional
electrode 1s 1ts simple, secure fastening to the electrode strip
as a consequence of the thin, elastic teeth of the comb. In
Particular, an arbitrarily thick solder layer can be used for
contacting and additionally serves to dissipate heat from the
actuator body.

The many design options of the double comb enable
optimal fastening, simplification of production, and optimal
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2

checking of the fastening of the double comblike additional
clectrode to the laminar electrode strips.

The double comb acting as an additional electrode, after
being attached to the laminar electrode strips, develops
intrinsic stability on the actuator body that can be still further
enhanced by an elastomer additive. The two rows of combs,
over the service life of the piezoelectric actuator, offer a high
degree of security from cracks that might occur.

Because the comb back is virtually closed and there 1s a
heat-diverting elastomer, good cooling of the actuator body
1s possible.

A piezoelectric actuator according to the invention can
advantageously be used for diesel or gasoline injection
systems 1n the motor vehicle. A piezoelectric actuator of this
kind, because 1t 1s capable of faster switching, can advan-
tageously replace the electromagnetic system typically used
as an adjusting device 1n 1njection systems.

The above characteristics and further advantageous char-
acteristics of a piezoelectric actuator according to the mnven-
tion will become even clearer from the ensuing description
of a plurality of exemplary embodiments thereof, when the
description 1s read 1n conjunction with the drawing.

DRAWINGS

FIG. 1 schematically and 1n perspective shows a portion
of a preferred exemplary embodiment of a piezoelectric
actuator according to the invention, equipped with a double
comb additional electrode.

FIG. 2 shows the preferred exemplary embodiment of
FIG. 1 1n a plan view.

FIGS. 3-8 and YA—C each show various kinds of exem-

plary embodiments of a double comblike additional elec-
trode and its fastening to the electrode strips.

FIGS. 10A and 10B schematically show two possible

production methods for a double comb additional electrode
with the aid of wires; and

FIGS. 11A and 11B schematically show an alternative
form of additional electrodes, embodied as brushes, accord-
ing to the mvention.

EXEMPLARY EMBODIMENTS

In FIG. 1, 1n a perspective view, a first exemplary embodi-
ment of a piezoelectric actuator provided with a double
comblike additional electrode 5 1s shown. The actuator body
1, which for instance 1s rectangular, 1s 1n the form of a
multi-layer laminate comprising stacked plies of piezoelec-
tric material and intervening metal or electrically conductive
layers 2a and 2b acting as electrodes. The electrode layers 2a
and 2b are contacted 1n alternation by means of metal outer
clectrodes 3 and 5, facing one another, on the jacket side in
the longitudinal direction of the actuator body 1 and are
connected to electrical terminal leads 7, which are connected
to the double comblike additional electrode 5.

As mentioned, 1 the operation of such multi-ply piezo-
clectric actuators, because of the low tensile strength,
delaminations can occur between the ceramic piezoelectric
material and the metal 1nner electrodes, and these delami-
nations can spread outward in the form of cracks into the
laminar electrode strips 3 and lead to current interruptions.
One such crack 4 1s shown as an example in FIG. 1. By
means of the additional electrode 5 1n the form of a double
comb, which comprises a comb back 10 located parallel to
the laminar electrode strip 3 and two lateral toothed edges
bent approximately at a right angle away from the comb
back 10 toward the associated laminar electrode strip 3, with
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the narrow teeth 6 of the edges 1n electrical contact with the
laminar electrode strip 3, a current interruption of the kind
threatened by the crack 4 can be spanned. The thin teeth 6
of the double comb form many elastic feet, which can
clastically intercept the motion of the actuator body 1
dictated by the actuator stroke and which thereby assure a
durable contacting of the additional electrode 5 with the
laminar electrode strip 3. The elastic teeth 6 can lead into the
laminar electrode strips 3 or can be secured to the surface,
for 1instance being soldered, welded, bonded, and so forth.

It can be seen that the perspective view 1n FIG. 1 shows
only one side of the rectangular piezoelectric actuator.

The schematic plan view on such a piezoelectric actuator
shown 1n FIG. 2 shows that two double comblike additional
clectrodes 5 face one another on the jacket sides of an
actuator body 1 and are each 1n electrical contact with one
clectrode strip 3.

Various forms of double comb electrodes to be used
according to the invention as additional electrodes § are
described below 1n conjunction with FIGS. 3-9. FIG. 3
shows a flat double comb electrode 5 with a plane comb
back 10 and 5 teeth 6 angled 90° away from it and with bores
or holes 8 on the comb back 10.

Through the bores 8, plastic, adhesive or an elastomer 9
(see FIG. 4) can be poured in as needed, in order to stabilize
the double comb 5 and/or to divert the heat to outside.

FIG. § shows a further exemplary embodiment of a
double comb electrode acting as an additional electrode 5, 1n
which the teeth 6 of the comb are bent only slightly away
from the plane comb back 10 toward the electrode strips 3
and are 1n contact, by their respective end portion, with the
respective electrode strip 3. The fastening can be done by
soldering (hard or soft), laser welding, spot welding, friction
welding, or bonding. The quality of the fastening of the
outward-protruding teeth 6 of the comb 1s easy to check.

A further exemplary embodiment of a double comb
electrode suitable as an additional electrode 5 1s shown 1n
FIG. 6. The teeth 6, seated on both sides of a plane comb
back 10 are first bent outward from the comb back 10 by 90°
toward the electrode strip 3 and then are bent inward parallel
to the electrode strip 3.

In FIG. 7, a further exemplary embodiment is shown of a
double comb electrode according to the invention suitable as
an additional electrode, 1n which the comb back 10 and the
teeth 6 are located approximately in the same plane. To
protect against being soldered on completely (if solder is
employed), a solder stop paint 13 is applied in the middle
below the comb back 10. If a soldering operation is not
employed, then a spacer 13 embodied as an elastomer layer
can maintain the necessary spacing between the laminar
clectrode strip 3 and the comb back 10. A PTFE layer 13 or
a layer of similar material can also serve as wear protection
or as a damping layer.

FIG. 8 shows a further possible exemplary embodiment of
a double comb electrode according to the 1nvention, suitable
as an additional electrode S, which has a half-round or oval
cross-sectional form with a rounded comb back 11.

FIGS. 9A, 9B and 9C show a further exemplary embodi-
ment of a double comb electrode according to the mnvention,
suitable as an additional electrode 5 for a piezoelectric
actuator according to the invention, which 1s shaped simi-
larly to that of FIG. 6 and which on both sides of the plane
comb back 10 has teeth 6 that are bent approximately 90°

from the comb back 10.
FIG. 9A shows the spacer or a solder stop paint 13.
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FIG. 9B shows that mstead of a spacer or a solder stop
paint 13, an elastomer plate or plastic plate 13a extending
around the corner to near the end of the teeth 6 of the comb
can be employed.

As the basic outline shown 1n FIG. 9C of a double comb
clectrode, suitable as an additional electrode §, of arbitrary
cross-sectional shape (rectangular or round or oval as in
FIG. 8) shows, the teeth 6 of the comb that act as elastic feet
are offset from one another on the two sides of the comb
back 10 or 11 by one-half a spacing interval d of the teeth
6 1n the longitudinal direction of the double comb. A crack
14 that occurs 1n the actuator body 1 usually takes a straight
course (that is, at an angle of 90° to the outer edge of the
actuator body 1) through the flat electrode strips 3 of the
outer electrodes. Because of the offset of the teeth 6 of the
comb by half the spacing interval, or d, a crack will interfere
with only one tooth, while the opposed, offset tooth remains
completely fixed. The spacing interval 2d and the gaps b
between teeth can be adapted to the least possible spacings
between successive cracks, so that no crack will extend into
two feet 6 that face one another.

The production of a double comb described thus far and
suitable as an additional electrode 5 can be done for instance
by stamping out a suitable double comb shape from a metal
sheet of suitable material and optionally at the same time
bending the two rows of teeth away. Alternatively, a very
fine double comb structure can also be produced by laser
cutting it from a sheet of suitable material.

FIGS. 10A and 10B show further examples of simple
production methods for a double comb suitable as an addi-

tional electrode 5. In FIG. 10A, a wire 15 1s bonded, welded
or soldered to a sheet-metal band 16, and the ends 17 of the
wire are cut off. In this way, a double comb suitable as an
additional electrode for a piezoelectric actuator according to
the 1nvention 1s created that has very narrow teeth 6.

In Fig. 10B, alternatively, a double comb suitable as an
additional electrode 5 for a piezoelectric actuator according
to the invention 1s produced from a metal sieve. To that end,
the metal transverse filaments 18 of the sieve must protrude
on the side by a sufficiently great distance ¢ to produce a
double comb structure.

In the description thus far, various types of double comb
electrodes have been described for the additional electrode
S. In FIG. 11A, however, a brushlike structure 19 can also
serve as an alternative additional electrode 5; 1t has elastic
metal bristles 20 protruding approximately perpendicularly
from a flat metal brush back 12, and the ends of the bristles
are contacted with the electrode strips 3 in accordance with

FIG. 11B.

In all the exemplary embodiments described above, the
teeth or bristles of a double comb acting as an additional
electrode 5, or of a brushlike structure as in FIG. 11, can be
hard- or soft-soldered to the electrode strips 3 or joined to
them by laser welding or spot welding, friction welding, or
bonding. Adhesive bonding with electrically conductive
adhesive 1s also possible. In the soldering, welding or
bonding operation, the quality of the connection of the teeth
or bristles, protruding from the comb back or brush back, to
the electrode 3 1s easy to check.

A simple, secure fastening of the electrode 5 to the flat
clectrode strips 3 1s thus possible because of the thin teeth or
bristles. An arbitrarily thick solder layer can be employed.
The various possible embodiments described for the teeth of
the comb or the bristles enable optimal fastening, economi-
cal production, and reliable checking of the fastening of the
teeth or bristles to the electrode strips 3. The usually greater
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thermal expansion of the additional electrode 5 compared to
the ceramic causes only slight shear stresses, and thus
greater security against failure, because of the small contacts
between the additional electrode 5 and the electrode strip 3.

Because of its shape, once 1t 1s attached to the laminar
clectrode strips, or because of an additionally introduced
clastomer layer, the additional electrode 1s lent adequate
intrinsic stability. A double comb can be produced economi-
cally in many ways. Since as proposed here a comb elec-
trode suitable as an additional electrode has two rows of
teeth, high assurance 1s provided that as many teeth of the
comb electrode as possible are electrically conductively
connected to the associated electrode strip. Because the
metal comb back of the double comb 1s virtually closed,
except for the openings 8, and because of an optionally
introduced heat-conducting elastomer, a good capability of
heat dissipation from the actuator body 1s attainable.

The foregoing relates to preferred exemplary embodi-
ments of the invention, 1t being understood that other
variants and embodiments thereof are possible within the
spirit and scope of the invention, the latter being defined by
the appended claims.

I claim:

1. A piezoelectric actuator, especially for actuating valves
in motor vehicles, having an actuator body (1) in the form
of a multilayer laminate of layered plies of piezoelectric
material and intervening electrically conductive layers (24,
2b), acting as electrodes, which are contacted in alternation
by outer electrodes (3, 5), facing one another on the jacket
side in the longitudinal direction of the actuator body (1),
which outer electrodes (3, 5) are in the form of electrode
strips (3), and additional electrodes (§), and the outer
electrodes (3, §) are in contact with electric terminal leads
(7) for connecting the piezoelectric actuator to an electrical
voltage, wherein the additional electrodes (8) are in contact
at a plurality of points, via narrow elastic feet (6), with the
electrode strips (3).

2. The piezoelectric actuator of claim 1, wherein the
additional electrodes (§) form comblike strips that have
equidistant teeth (6) forming the elastic feet.

3. The piezoelectric actuator of claim 1, wherein the
additional electrodes (5) have a comb back (10, 11), and
adjoining it two parallel lateral rows of teeth, whose teeth (6)
are the elastic feet.

4. The piezoelectric actuator of claim 2, wherein the
additional electrodes (8) have a comb back (10, 11), and
adjoining it two parallel lateral rows of teeth, whose teeth (6)
are the elastic feet.

5. The piezoelectric actuator of claim 3, wherein the teeth
(6) are angled approximately perpendicular from the comb
back (10) to the electrode strips (3), and only the ends of the
teeth (6) are in contact with the respective electrode strip (3).
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6. The piczoelectric actuator of claim 3, wherein the teeth
(6) are angled at a shallow flat angle from the comb back

(10) to the electrode strips (3), and the end portions of the
teeth (6) are in contact with the respective electrode strip (3).
7. The piezoelectric actuator of claim 3, wherein the comb
back (11) has the teeth (6) on both sides, and has an
approximately semicircular or oval cross-sectional contour.
8. The piezoelectric actuator of claim 3, wherein the comb
back (14) has the teeth on both sides, and 1s located
approximately in the same plane as the teeth (6).

9. The piezoelectric actuator of claim 3, wherein a spacer
(13) is located between the comb back (10, 11 ) and the
associated electrode strip (3).

10. The piezoelectric actuator of claim 9, wherein the
spacer (13) is an elastomer underlay.

11. The piezoelectric actuator of claim 9, wherein the
spacer (13) is a solder stop paint.

12. The piezoelectric actuator of claim 3, wherein the
equidistant teeth (6) on the two sides of the comb back (10,
11) are offset from one another by one-half the spacing
interval of the teeth (6) in the longitudinal direction of the
double comb.

13. The piezoelectric actuator of claim 4, wherein the
equidistant teeth (6) on the two sides of the comb back (10,
11) are offset from one another by one-half the spacing
interval of the teeth (6) in the longitudinal direction of the
double comb.

14. The piezoelectric actuator of claim 1, wherein the
additional electrode (8) forms an electrode brush (19),
located parallel to the electrode strips (3), whose bristles
(20) form the elastic feet contacted with the electrode strips
(3).

15. The piezoelectric actuator of claim 1, wherein the
additional electrode (§) has a plurality of holes (8).

16. The piezoelectric actuator of claim 1, wherein the
terminal leads (7) are each connected to the additional
electrodes (8§).

17. The piezoelectric actuator of claim 1, wherein the
elastic feet (6) of the additional electrodes (8) are soldered
to the electrode strips (3) by a solder layer.

18. The piezoelectric actuator of claim 1, wherein the
clastic feet (6) of the additional electrodes are mounted to
the electrode strips (3) by an electrically conductive adhe-
sive layer.

19. The piezoelectric actuator of claims 1, wherein the
elastic feet (6) of the additional electrodes (8) are soldered
to the electrode strips (3) by laser-welded spots.

20. The piezoelectric actuator of claim 1, wherein the
elastic feet (6) of the additional electrodes (§) are bonded to
the electrode strips (3).
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